It has been reported that the avian-origin influenza A virus PB1 protein (avian PB1) enhances influenza A virus polymerase activity in mammalian cells when it replaces the human-origin PB1 protein (human PB1). Characterization of the amino acid residues that contribute to this enhancement is needed. In this study, it was found that PB1 from an avian-origin influenza A virus [A/Cambodia/P0322095/2005, H5N1 (Cam)] could enhance the polymerase activity of an attenuated human isolated virus, A/WSN/33, carrying the PB2 K627E mutation (WSN627E) in vitro. Furthermore, 473V and 598P in the Cam PB1 were identified as the residues responsible for this enhanced activity. The results from recombinant virus experiments demonstrated the contribution of PB1 amino acids 473V and 598P to polymerase activity in mammalian cells and in mice. Interestingly, 473V is conserved in pH1N1 viruses from the 2009 pandemic. Substitution of 473V by leucine in pH1N1 PB1 led to a decreased viral polymerase activity and a lower growth rate in mammalian cells, suggesting that the PB1 473V also plays a role in maintaining efficient virus replication of the pH1N1 virus. Thus, it was concluded that two amino acids in avian-origin PB1, 473V and 598P, contribute to the polymerase activity of the H5N1 virus, especially in mammalian cells, and that 473V in PB1 also contributes to efficient replication of the pH1N1 strain.
INTRODUCTION
Four influenza pandemics have occurred in the last 100 years, in 1918 , 1957 , 1968 (Basler & Aguilar, 2008 Lindstrom et al., 2004; Vijaykrishna et al., 2010) . In each of these pandemics, genes from avian influenza A viruses may have played an important role in emergence of the pandemic strains (Basler & Aguilar, 2008; Kawaoka et al., 1989; Neumann & Kawaoka, 2006) . It is of concern that emerging new pandemics might be caused by reassortment of avianhuman influenza viruses (Chen et al., 2008) .
After 1997, the emergence of highly pathogenic H5N1 viruses in humans caused great concern about the possibility of a new pandemic (Chen et al., 2008; de Jong & Hien, 2006) . Although H5N1 viruses are of avian origin, they can cause serious disease in humans with a mortality of .58 % (de Jong & Hien, 2006; WHO, 2010) . However, the reasons for adaptation of the H5N1 viruses to humans are not fully understood (Basler & Aguilar, 2008; Matrosovich et al., 2009) . better understanding of the mechanisms. Many efforts have already been made in this regard, especially towards understanding the role of each virulence gene of the avianorigin 1918 and H5N1 strains (Basler & Aguilar, 2008; Neumann & Kawaoka, 2006) . Among the viral genes of influenza A viruses, the haemagglutinin (HA), non-structural (NS) and polymerase complex genes (PB1, PB2 and PA) are the major factors contributing to virulence of the 1918 and H5N1 strains in humans (Basler & Aguilar, 2008) . Firstly, the HA of the H5N1 virus can lead the virus to bind to the lower respiratory tract of humans and therefore cause pneumonia (van Riel et al., 2006) . Secondly, a number of basic amino acids at the HA cleavage sites in H5 and H7 avian influenza viruses contribute to high pathogenicity and induce systematic spread of the viruses in mammals (Hatta & Kawaoka, 2002; Shinya et al., 2006) . Several recombinant experiments have shown that the HA from the 1918 strain also contributed to virulence; however, the mechanisms of these contributions remain unclear (Basler & Aguilar, 2008) . Thirdly, the NS1 protein of some H5N1 and 1918 viruses appears to contribute to virulence by helping the viruses evade host immune systems (Seo et al., 2002) . Moreover, the polymerase complex also plays a major role in virulence, especially residue 627 of PB2, which determines viral pathogenicity in mammalian hosts (Hatta et al., 2001; Shinya et al., 2004; Subbarao et al., 1993) . The presence of lysine (K) at residue 627 of avian-origin PB2 (PB2-627K virus) leads to higher polymerase activity, replication efficiency and virulence in mammals, as confirmed previously (Naffakh et al., 2008; Shinya et al., 2004; Subbarao et al., 1993) . In addition to residue 627 of PB2, other residues in PB2 have also been reported to influence virulence in mice (Bussey et al., 2010; Gabriel et al., 2005) . Furthermore, a series of recombinant experiments have indicated that PB1 and PA may also contribute to the virulence of some H5N1 viruses; however, the precise roles of PB1 and PA in virulence have yet to be determined (Hulse-Post et al., 2007; Neumann & Kawaoka, 2006; Salomon et al., 2006) . It has been reported that avian PB1 can provide greater polymerase activity than human PB1 in mammalian cells (Naffakh et al., 2000) . Using a mini-genome assay, Naffakh et al. (2000) showed that PB1 from the avian strains A/FPV/ Rostock/34 (H7N1) and A/Mallard/NY/6570/78 (H2N2) could enhance polymerase activity of a recombinant strain PR8 virus. The results of recombinant experiments between an H5N1 avian influenza A virus and an H3N2 human influenza A virus showed that the H5N1 PB1 was present in the reassortants with the highest pathogenicity, which indicates the possible role of avian PB1 in increased pathogenicity (Chen et al., 2008) . A study of an H5N1 virus isolated from humans, VN1203, also indicated the importance of PB1 in contributing to high virulence in mice (Salomon et al., 2006) . However, the precise role of avian PB1 in virus replication and pathogenicity remains unclear (Neumann & Kawaoka, 2006) . To understand further the role of avian PB1, we attempted to identify specific residues in PB1 that could contribute to polymerase activity or virus replication.
Using a luciferase reporter assay, we demonstrated here that the amino acids 473V and 598P in PB1 of A/ Cambodia/P0322095/2005 (Cam; H5N1) virus contribute to the polymerase activity, especially in mammalian cells, and that 473V of PB1 also plays a role in efficient polymerase activity of pandemic H1N1 (pH1N1).
RESULTS

The Cam virus shows relatively efficient polymerase activity in mammalian cells
Recent studies have shown that avian influenza viruses commonly have lower polymerase activity in mammalian cells when compared with human influenza viruses, a phenomenon mainly due to position 627 of PB2 (Bussey et al., 2010; Naffakh et al., 2008) . However, whether this also happens in H5N1 virus (avian-origin influenza virus) remains unknown. Thus, we compared the polymerase activity of Cam virus in 293T cells with that of A/WSN/33 (WSN; H1N1) virus as a control using a luciferase reporter assay. WSN PB2 contains K at position 627, whereas Cam contains glutamine (E) at the same residue. Because K627 in PB2 leads to strong polymerase activity of the WSN virus (Naffakh et al., 2008) , we also mutated residue 627 of PB2 from K to E in the WSN virus (WSN627E) to eliminate the strong effect of this residue; Cam virus and WSN627E virus could then be compared accurately. The results showed that the 627E mutation in PB2 significantly reduced the polymerase activity of the WSN virus in 293T cells (Fig. 1a) . It was interesting to observe that the polymerase activity of Cam virus was seen to be higher than that of WSN627E virus by 15-fold, although residue 627 of PB2 in both viruses was the same (Fig. 1a) . The data therefore suggested that there might be other residues in the polymerase subunits of the Cam virus contributing to the higher polymerase activity.
To determine which subunit of the Cam virus contributed to the active polymerase, we swapped polymerase subunits PB1, PB2 and PA and the nucleoprotein (NP) between the Cam and WSN627E viruses, and subjected them to luciferase reporter assays in 293T cells. The results showed that Cam PB1 significantly increased the polymerase activity of WSN627E virus by about 14-fold. Cam PA had a minor role in the polymerase activity of WSN627E virus, with reporter activity increasing threefold. Cam PB2 and Cam NP did not increase polymerase activity. In fact, Cam PB2 decreased the reporter activity by eightfold, indicating that Cam PB2 is more inactive than PB2 (627E) of the WSN virus (Fig. 1b) . From these results, it appeared that the Cam PB1 subunit is the main contributor to the relatively high polymerase activity of Cam virus in mammalian cells.
We also investigated the role of Cam PB1 in the WSN wild-type (WT) virus background and found that Cam PB1 could enhance the polymerase activity of the WSN virus by about threefold (see Supplementary Fig. S1 , available in JGV Online). To easily identify the residues of Cam PB1 responsible for the relatively high polymerase activity, we chose to use the WSN627E virus background for further studies.
PB1 473V and 598P are responsible for the relatively high polymerase activity of Cam virus
We conducted mutation experiments to identify the residues within Cam PB1 that contributed to the relatively high polymerase activity. Amino acid sequence alignment between Cam PB1 and WSN PB1 showed 31 residues that differed (Table 1) . We mutated each of these residues individually in WSN PB1 and tested each construct for polymerase activity using a luciferase reporter assay in 293T cells ( Fig. 2a and Supplementary Fig. S2 ). The data showed that the mutation L473V or L598P increased the polymerase activity of WSN627E virus in 293T cells (Fig. 2a) . A double mutation of both L473V and L598P in the WSN PB1 gene restored WSN627E virus polymerase activity almost to WT WSN virus levels, which increased nearly 14-fold compared with WSN627E (Fig. 2a) . To test whether the same elevating roles of 473V and 598P also existed in PB2-627K virus, we further introduced L473V and L598P mutations into WT WSN virus. The results showed that a single mutation of L473V or L598P only slightly enhanced WSN WT virus polymerase activity in 293T cells, by 1.8-or 1.4-fold, respectively. However, double mutation of L473V and L598P enhanced WSN WT virus polymerase activity by about fourfold, similar to the enhancement caused by the Cam PB1 gene ( Supplementary Fig. S1 ). Thus, the data suggested that 473V and 598P could contribute individually to the high polymerase activity of the PB2-627E virus, whilst a weaker contribution of 473V and 598P in the PB2-627K virus only occurred when both mutations were present.
Mutations of V473L and P598L in Cam PB1 resulted in a reduction in the polymerase activity of Cam virus in 293T cells, as expected (Fig. 2b) . Compared with mammalian cells, mutations L473V and L598P of WSN PB1 only slightly enhanced WSN627E virus polymerase activity in avian DF-1 cells (see Supplementary Fig. S3a ). Mutations V473L and P598L in Cam PB1 also decreased the polymerase activity of Cam virus in DF-1 cells but the extent was less than that in 293T cells ( Supplementary Fig. S3b ). 
These results indicated that amino acids 473V and 598P of PB1 were both responsible for the active polymerase activity of Cam virus, especially in mammalian cells.
Amino acids 473V and 598P in PB1 rescue the replication of WSN627E virus in mammalian cells
To confirm the roles of amino acids 473V and 598P in the polymerase activity of WSN627E virus, we rescued WSN, WSN627E, WSN627E/473V598P (mutant virus with double mutation in PB1 of WSN627E virus) and CamPB1/ WSN627E (recombinant virus with Cam PB1 replacement in WSN627E virus) viruses by reverse genetics. Virus propagation was analysed in Madin-Darby canine kidney (MDCK) cells by plaque assay. As expected, WSN627E virus showed much smaller plaques than WT WSN virus, whilst CamPB1/WSN627E and WSN627E/473V598P showed larger plaques (Fig. 3a) . To investigate further the impact of double mutation at residues 473 and 598, we studied growth curves of the viruses in MDCK and A549 cells. Cells were infected with the viruses at an m.o.i. of 0.01. Samples were collected at 12, 24, 48 and 72 h post-infection (p.i.) and titrated in MDCK cells. The WSN virus showed higher titres at each time point than the WSN627E mutant virus in MDCK and A549 cells (Fig. 3b) . The double-mutant WSN627E/ 473V598P and CamPB1/WSN627E viruses showed higher titres than the WSN627E virus (except at 72 h p.i. in MDCK cells) but lower titres than the WSN virus in both cell types (Fig. 3b, c) .
Next, we used in vivo experiments to confirm this phenomenon observed in vitro. Female BALB/c 6-to 8-week-old mice were infected with 5610 5 p.f.u. WSN627E, WSN627E/473V598P or WSN (control) virus. Trachea and lung samples of the infected mice were collected at 3 and 6 days p.i. and titrated in MDCK cells. The results showed that, at each time point, WSN627E/473V598P virus displayed a higher titre than WSN627E virus in both trachea (1.3 log 10 increase at 3 days p.i. and 2.4 log 10 increase at 6 days p.i.) and lung (1.6 log 10 increase at 3 days p.i. and 1.5 log 10 increase at 6 days p.i.) (Fig. 3d) . Thus, both our in vivo and in vitro data agreed in indicating that amino acids 473V and 598P in PB1 enhance WSN627E virus replication efficiency in mammalian cells.
Amino acids 473V and 598P contribute to replication efficiency of Cam virus in mammalian cells
To confirm whether amino acids 473V and 598P contributed to polymerase activity in Cam virus, we used reverse genetics to rescue two viruses (rCam or rCam473L598L) containing WSN HA, neuraminidase (NA), matrix (M) and NS with Cam PB2, PA, NP and either Cam WT or Cam double-mutant PB1 (V473L/P598L). Virus propagation was analysed in MDCK cells using a plaque assay. As expected, rCam473L598L virus showed smaller plaque sizes than rCam virus (Fig. 4a ), and this difference was statistically significant (Fig. 4b) . To investigate further the impact of the double mutation at residues 473 and 598 in PB1, we measured the growth curves of rCam and rCam473L598L viruses in MDCK and A549 cells. The cells were infected with the viruses at an m.o.i. of 0.01. Samples were collected at 12, 24, 48 and 72 h p.i. and titrated in MDCK cells. rCam virus showed higher titres than rCam473L598L mutant virus at each time point in both cell types (Fig. 4c, d ).
We also performed virus experiments using mice. The titre of rCam473L598L virus was lower than that of rCam virus at both time points in trachea and lung samples (Fig. 4e) . In trachea, the titre of rCam virus was 4.7 and 4.5 log 10 p.f.u. ml 21 at 3 and 6 days p.i., respectively, whilst rCam473L598L virus showed a lower titre at 3 and 6 days p.i. (3.3 and 3.2 log 10 p.f.u. ml 21 , respectively). In lung, the titre of rCam virus was 6.5 log 10 p.f.u. ml 21 at 3 days p.i. and then decreased to 5.5 log 10 p.f.u. ml 21 at 6 days p.i., whilst rCam473L598L virus showed lower titre values at both time points (5.4 and 4.0 log 10 p.f.u. ml 21 at 3 and 6 days p.i., respectively).
In vitro and in vivo experiments with single mutations (V473L or P598L) in rCam virus were also performed and showed that the contribution of each mutation to polymerase activity was similar in mammalian cells (data not shown). These results paralleled the data collected from the luciferase reporter assay.
PB1 amino acid 473V is conserved in the 2009 pH1N1 viruses and contributes to polymerase activity in mammalian cells
Sequence analysis revealed that amino acid 473V of PB1 is conserved in pH1N1 viruses (.99.9 %), 598P does not occur in pH1N1 viruses and amino acid 627E of PB2 is conserved (100 %) in all collected pH1N1 viruses. We predicted that 473V may play a similar role in promoting efficient polymerase activity and virus replication in mammalian cells. To test this hypothesis, we mutated PB1 473V to L in a 2009 pH1N1 strain (A/California/07/ 2009) virus and tested its polymerase activity and growth rate. It was found, using a luciferase reporter assay, that the PB1 V473L mutation decreased the polymerase activity of the pH1N1 virus in 293T cells (Fig. 5a ), indicating that 473V in PB1 also contributes to high polymerase activity in pH1N1. Both a '4+4' recombinant virus containing the pH1N1 polymerase and NP genes in a WSN backbone (rCali) and a PB1 V473L mutant (rCali473L) were rescued. The plaque sizes of rCali473L virus were smaller than those of rCali virus, suggesting that PB1 amino acid 473V plays a role in virus replication of pH1N1 in mammalian cells (Fig. 5b, c) . To compare the differences in viral growth in mammalian cells, their growth curves were determined in MDCK and A549 cells. The data showed that rCali473L mutant virus replicated less efficiently than rCali virus at each time point in both cell lines (Fig. 5d, e) . We also studied the contribution of the mutation in mice. Female BALB/c 6-to 8-week-old mice were infected with 5610 5 p.f.u. rCali or rCali473L virus, and lung samples were collected at 3 or 6 days p.i. and titrated in MDCK cells. The results showed that the titre of rCali473L virus was lower than that of rCali virus by about sixfold in mouse lung at 3 days p.i. At 6 days p.i., the titres of rCali and rCali473L viruses decreased to a lower level; rCali viral titre was 2.1 log 10 p.f.u. ml 21 while rCali473L viral titre was not detectable (Fig. 5f ). These viral experiments showed that amino acid 473V also plays a role in the polymerase activity of the pH1N1 virus.
PB1 amino acid 473V is conserved in isolated human PB2-627E influenza A viruses
To evaluate further the potential role of residues 473 and 598 in influenza A viruses, full-length PB1 sequences of 8415 influenza A viruses (comprising 4626 human isolated viruses and 3789 avian isolated viruses) from the NCBI database (http://www.ncbi.nlm.nih.gov/) were collected and examined for residues 473 and 598 (Table 2 ). Amino acid 473V was conserved (.99.9 %) in the avian viruses but not conserved (55.8 %) in the human viruses. Next, to interpret this interesting result further, we examined the correlation between PB1 residues 473 and 598 and PB2 residue 627 in the human viruses (Table 3) . Full-length PB1 and PB2 of the 4626 isolated human viruses used in Table 2 were collected and analysed for residues 473, 598 and 627. The results showed that, among the human viruses, 1738 contained 627E, and they all belonged to H5N1 and pH1N1 strains. Interestingly, amino acid 473V was conserved (.99.9 %) in the human PB2 627E viruses but was not conserved (29.3 %) in human PB2 627K viruses, suggesting that the presence of amino acid 473V in PB1 is correlates well with that of 627E in PB2 in isolated human viruses and may have a potential role in the replication of H5N1 and pH1N1 viruses in humans. Amino acid 598P was rare in both the human viruses and the avian viruses (Table 2) . However, the four human viruses harbouring PB1 598P were all H5N1 strains, suggesting that amino acid 598P is also likely to contribute to H5N1 virus growth in humans. 5 viruses (rCali and rCali473L) were infected intranasally into 6-week-old female BALB/c mice (n56 mice at each time point per virus). Tissues were collected at 3 and 6 days p.i. and viral titres were determined in the lung. ND, Viral titre was not detectable. *, P,0.05. Table 2 . PB1 residues 473 and 598 in viruses isolated from human and avian sources All sequences of influenza A viruses were downloaded from the NCBI website prior to 2010. In total, 8415 influenza A viruses from both human and avian sources were downloaded for analysis. The human viruses mainly comprised H1N1, H2N2, H3N2, H5N1 and pH1N1 strains, in which~14 % of strains were isolated in 1900-1996, 39 % in 1997-2008 and 47 % in 2009-2010 
DISCUSSION
In a luciferase reporter assay, the Cam H5N1 virus showed relatively high polymerase activity in mammalian cells, which agrees with published data showing that A/ HongKong/156/1997 H5N1 virus exhibits a relatively high polymerase activity in mammalian cells (Naffakh et al., 2000) . We speculate that this relatively high polymerase activity in mammalian cells might partially explain the efficient replication of some H5N1 viruses in mammalian cells; however, further evidence is needed to support this hypothesis.
In this study, we found that PB1 is responsible for the relatively high polymerase activity of Cam virus. Avian PB1 seems to have some replication advantages in mammalian cells when compared with human PB1 (Naffakh et al., 2000) . Our data also exhibited similar results showing that Cam PB1 can enhance the polymerase activity of WSN627E virus. Previous studies have concluded that the identity of the specific residues that contribute to the replication advantage of avian PB1 over human PB1 is unclear (Neumann & Kawaoka, 2006) . We determined that amino acids 473V and 598P in PB1 contribute to the relatively high polymerase activity of Cam virus in 293T cells. Finding the residue(s) of avian PB1 that enhances virus replication will aid in surveillance for future pandemic outbreaks.
Sequence analysis revealed that the frequency of PB1 amino acid 473V in isolated human viruses was less than that in isolated avian viruses (Table 2 ). This phenomenon might be because PB1 amino acid 473V is correlated with isolated human PB2-627E viruses but not with isolated human PB2-627K viruses (Table 3 ). In isolated avian viruses, the high frequency of PB1 amino acid 473V might also be related to the high frequency of PB2 amino acid 627E (Finkelstein et al., 2007) . Our data showed that 473V contributed more to the PB2-627E virus than to the PB2-627K virus ( Fig. 2 and Supplementary Fig. S2 ), which may indicate the stronger demand on amino acid 473V in a PB2-627E virus, which exhibited a lower polymerase activity in mammalian cells.
However, the precise relationship between PB1 473V and PB2 627E is not clear. A structural study of the PB1-PB2 complex carrying different mutations will be helpful in understanding this relationship. More interestingly, 473V was conserved in the 2009 pH1N1 strain and contributed to the relatively high polymerase activity of A/California/07/ 2009 strain. As PB1 from the 2009 pH1N1 strains originated from an avian virus (Vijaykrishna et al., 2010) , PB1 473V of pH1N1 might help to explain how this avian-swine reassortant virus occurs.
Amino acid 598P was also found in four H5N1 human viruses, which suggests that it might play a role in interspecies transmission of the virus. However, due to limited data, our understanding of the virulence of these human viruses is not clear. It is therefore hard to know the significance of amino acid 598P in viral pathogenicity.
It is well accepted that residue 627 in PB2 is a host determinant of influenza A viruses. PB2-627E viruses show lower polymerase activity and replication efficiency in mammalian cells compared with PB2-627K viruses (Bussey et al., 2010; Naffakh et al., 2008; Shinya et al., 2004) . However, through sequence analysis, we found that .70 % of isolated H5N1 human viruses contained 627E. Whether 473V and 598P also play important roles in all other PB2-627E H5N1 viruses requires further investigation to reach a universal conclusion.
Structural analysis might hint at mechanisms for the contribution of amino acids 473V and 598P. Residue 473, which is very close to a PB1 conserved motif (residues 74-483), may be required for the catalytic activity of the enzyme (Biswas & Nayak, 1994; Naffakh et al., 2008) , whilst residue 598 is located near the PB1-PB2 binding motif (González et al., 1996; Poole et al., 2007; Sugiyama et al., 2009) and therefore may influence the interaction between PB1 and PB2 to modulate their binding activity.
In summary, our results showed that amino acids 473V and 598P of PB1 contribute to the polymerase activity of H5N1 viruses, especially in mammalian cells. Amino acid 473V in PB1 also plays a role in the viral polymerase activity and virus growth of the 2009 pH1N1 virus in mammalian cells.
METHODS
Plasmids. The PB2, PB1, PA and NP cDNAs of Cam virus (H5N1) virus were amplified using specific primers from viral cDNAs provided by Tetsuya Toyoda (Fukushimura Hospital, Choju Medical Institute, Japan). The GenBank accession numbers of the polymerase genes and the NP gene of Cam virus are HQ200463.1 (PB1), HQ200462.1 (PB2), HQ200464.1 (PA) and HQ200465.1 (NP). PB1, PB2, PA and NP cDNAs of A/California/07/2009 (H1N1) virus were synthesized in vitro using sequences downloaded from the NCBI website. Each of the polymerase and NP cDNAs were further cloned into the pHW2000 vector provided by Professor Hans-Dieter Klenk (Philipps University of Marburg, Germany). Viral cDNA of the A/ WSN/33 (H1N1) virus in pHW2000 and the luciferase reporter plasmid pPolI-NP-luc were also provided by Professor Klenk (Gabriel et al., 2005) .
Mutations in the PB1 and PB2 genes were introduced using a QuikChange site-directed mutagenesis kit (Stratagene) with primers designed following the manufacturer's protocol. All resulting plasmids were confirmed by commercial sequencing.
Cells. Human embryonic kidney 293T cells, MDCK cells, human lung adenocarcinoma epithelial A549 cells and immortalized chicken embryonic fibroblasts (DF-1 cells) purchased from ATCC were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10 % FBS (Gibco) at 37 uC in an incubator with 5 % CO 2 .
Luciferase reporter assay. PB1, PB2, PA, NP cDNAs and pPolI-NP-luc (0.1 mg each) and pRL SV40 (0.01 mg; Promega) were transfected into the cells using Fugene 6 (Roche) according to the manufacturer's instructions. Cells were harvested 24 h after transfection at 37 uC and a luciferase assay was performed using a DualLuciferase Reporter Assay System (Promega) according to the manufacturer's protocol. Firefly and Renilla luciferase activities were measured using a microplate luminometer (Veritas). The ratio of firefly luciferase activity to Renilla luciferase activity was calculated to indicate the efficiency of transcription/replication of the viral-like reporter RNA. All experiments were performed in triplicate. Results are presented as means±SD.
Virus generation. Recombinant viruses were rescued by plasmidbased reverse genetics, followed by two rounds of plaque purification and propagation on MDCK cells Plaque assays by immunostaining. Plaque assays by immunostaining were performed as described previously (Matrosovich et al., 2006) . Monolayers of MDCK cells in 12-well plates were infected with 20-40 p.f.u. per well. After 1 h incubation at 37 uC in 5 % CO 2 , the medium was removed and 2 ml Avicel medium (DMEM with 0.2 % BSA) was added. Cells were incubated for a further 3 days and then fixed in 4 % paraformaldehyde. Immunostaining was performed using an anti-NP polyclonal primary antibody (Antibody Research Centre, Shanghai Institute of Biological Science) and an HRPconjugated anti-rabbit IgG secondary antibody. True Blue substrate (KPL) was added to visualize the plaques.
Infection of mice. To study the viral growth in mice, a group of 6-to 8-week-old female BALB/c mice was anaesthetized with Avertin (Sigma) and infected intranasally with 5610 5 p.f.u. virus in 50 ml. Virus replication in the trachea and lungs was determined following a published method (Matsuoka et al., 2009) . The mice were euthanized on day 3 (n54-6 mice) and/or day 6 (n54-6 mice) after infection. Trachea and lung samples were collected and homogenized, and the homogenized supernatant was titrated on MDCK cells.
Sequence analysis. Human, avian or pH1N1 viruses that contained both full-length PB1 and PB2 sequences (excluding identical strains) from the NCBI database (http://www.ncbi.nlm.nih.gov/genomes/ FLU/Database/nph-select.cgi?go=alignment) were collected on the day of analysis. The sequences were examined and counted for the number of occurrences of amino acids at residues 473 or 598 in PB1 and residue 627 in PB2.
Statistical and densitometric analyses. Data were analysed by using Student's t-test. Data are presented as means±SEM. P,0.05 was considered significant.
